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Abstract 
Comparisons of ammonium uptake parameters in restored and unrestored urban streams suggest that sufficient light 
penetration to areas where hard substrates have been installed should be an important management consideration to 
enhance biofilm accumulation and subsequent ammonium removal to the streambed. We studied ammonium uptake 
parameters and macroinvertebrate communities in 3 types of restoration structures (riffle, cross vane, and step pool) in 
restored streams and in unrestored urban streams in Greensboro, North Carolina, USA, where urbanization has led to 
high nutrient concentrations, degraded channel conditions, and low biotic diversity in streams. Restored streams had a 
significantly higher percentage of large substrates (boulder, cobble, and gravel) and less canopy cover compared to 
unrestored streams (P = 0.029; t-test), providing substrates and sufficient light penetration for biofilm growth. Benthic 
chlorophyll a was higher in restored compared to unrestored streams. Significantly shorter ammonium uptake length 
(P = 0.02) was observed in restored compared to unrestored sites. This effect was probably related to greater biofilm 
development and therefore more assimilation sites for removal of ammonium from the stream water. Differences in 
uptake velocity (P < 0.07) and areal uptake (P < 0.06) were not significant. Despite the shorter ammonium uptake 
length in restored streams, there was little improvement in measures of macroinvertebrate-based water quality classifi-
cations between restored and unrestored streams (P = 0.545). Because this study was completed 2 years postrestoration, 
continued, longer-term monitoring of restored streams is needed for full evaluation of the effects of the restoration 
approaches used in these streams. 
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Introduction
With human population growth, increased urbanization 
has resulted in seriously degraded stream ecosystems, 
characterized by “urban stream syndrome” (Paul and 
Meyer 2001, Walsh et al. 2005). The syndrome is charac-
terized by runoff of various pollutants from impervious 
surfaces (Arnold and Gibbons 1996), bank erosion and 
changes in channel morphology (Trimble 1997, Brasher 
2003), high inorganic nitrogen (N) concentrations 
(Groffman et al. 2004, Grimm et al. 2005, Wollheim et al. 
2005), and low biotic diversity with high dominance of 
pollution-tolerant species (Lenat and Crawford 1994, Roy 
et al. 2003). Urban stream syndrome also affects N 
processing in various geomorphic structures within a 
stream through hydrological effects on organic matter 
storage combined with effects of elevated NO3− concentra-
tions (Groffman et al. 2005). High NO3− often stimulates 
denitrification, which can exert important negative 
feedback to management of stream NO3− concentrations 
(Groffman et al. 2005). Lofton et al. (2007) found that 
denitrification was a significant sink for NO3−, accounting 
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for 45% of loading in an urban stream in Greensboro, 
North Carolina, USA.  In the same stream, however, 
downstream of a wastewater treatment plant effluent, den-
itrification was minor compared to NO3− loading (Lofton 
et al. 2007). Thus, management of downstream delivery of 
N is dependent on reach-scale conditions, as well as point 
and nonpoint loading sources.
Stream restoration projects have been undertaken in 
many regions in an effort to mitigate the negative impacts 
of urbanization on stream water quality and biotic 
integrity, measured as macroinvertebrate-based water 
quality classifications. In-channel rock structures have 
been installed for grade control and to provide in-stream 
heterogeneity (Riley 1998). Step pools are drop structures 
installed to help dissipate the erosive force of an elevation 
drop of >0.6 m. Cross vanes are channel constrictors 
designed to catch gravel behind them to create pools, 
riffles, and meanders. Riffles are designed to create 
in-stream heterogeneity and oxygenate water. These rock 
structures also have the potential to create habitat for 
in-stream biota. In addition, in some urban streams the 
riparian areas have been allowed to grow naturally along 
the stream as a passive restoration approach. However, 
restoration projects often lack clear goals (Wissmar and 
Beschta 1998), and even when goals have been articulated, 
rarely has postrestoration monitoring evaluated effective-
ness (Bernhardt et al. 2005). Yet postrestoration evaluation 
is essential to guide future projects for effective and eco-
logically successful restoration (Kondolf 1995, Palmer et 
al. 2005).
Nutrient uptake parameters are useful metrics for 
comparing nutrient processing among streams (Stream 
Solute Workshop 1990). Nutrient uptake and retention are 
important stream ecosystem functions degraded by urban-
ization (Gibson and Meyer 2007). Nitrogen uptake 
parameters are readily assessed with stable isotope 
enrichments, which can measure ambient N fluxes without 
significantly altering dissolved N concentrations 
(Hamilton et al. 2001, Peterson et al. 2001, Dodds et al. 
2002). Loss of hard substrate, channel heterogeneity, and 
sinuosity reduces contact time of dissolved nutrients with 
possible assimilation or removal sites, which results in 
longer nutrient spiraling length, lower areal uptake and 
uptake velocity, and consequently less nutrient retention 
capability compared to more pristine streams (Grimm et 
al. 2005, Meyer et al. 2005). Accordingly, high nutrient 
export rates cause problems for receiving waters (higher-
order streams, lakes, and the ocean), including eutrophica-
tion, declines in water clarity, toxic algal blooms, and taste 
and odor problems (Brett et al. 2005).
Macroinvertebrate indices are often used to assess 
water quality in streams and therefore provide a group of 
tools for assessing effectiveness of stream restoration 
(Lenat 1993, Whiles et al. 2000). Robb (1980, 1992), as 
reported by Blakely et al. (2006), found that even after 
restoration was completed on urban streams in New 
Zealand, taxa tolerant of higher nutrient concentrations 
and degraded stream habitats had replaced macroinverte-
brate species that were present before disturbance to the 
streams. The North Carolina Biotic Index (NCBI) includes 
both tolerant and intolerant taxa. Therefore, the NCBI is 
appropriate for comparisons between urban streams 
(Lenat 1993).
In Greensboro, urban stream restoration projects have 
included bank stabilization, increased sinuosity of the 
stream channel, installation of restoration structures 
(riffles, cross vanes, step pools, root wads, j-hooks, and 
vanes), and replanting of riparian vegetation. A stabilized 
stream, improved water quality, and a healthy environment 
for aquatic life were the City of Greensboro’s stated goals 
for their urban stream restoration projects (Greensboro 
Water Resources 2006). In addition, nitrate reduction in 
particular is a major water quality goal in the Cape Fear 
River Basin, of which North and South Buffalo creeks 
form headwater tributaries. Efforts to achieve Greensbo-
ro’s goals included creation of meanders, reduction of 
channel incision, and installation of in-stream structures to 
mimic an undisturbed stream. Although the city’s goals 
were broad, we focused on a macroinvertebrate-based 
water quality metric (the NCBI) and ammonium uptake 
kinetics as metrics to evaluate whether restoration 
enhanced key aspects of a healthier environment for 
aquatic life and improved water quality. Our specific 
objectives were to assess benthic algal abundance (as 
chlorophyll a), ammonium (NH4+) areal uptake 
parameters, and compare NCBI scores to investigate the 
effectiveness of restoration structures in increasing 
ammonium removal and improving macroinvertebrate-
based water quality classifications. In addition, we sought 
to evaluate which restoration structure(s) within restored 
streams (riffle, cross vane, or step pool) most enhanced 
these metrics. We predicted that restored streams would 
have higher ammonium areal uptake and improved NCBI 
scores compared to the unrestored streams because 
in-stream rock structures in restored streams provided 
more area for biofilm accumulation and habitat for biota. 
Evaluation of these predictions should be useful in the 
design of future restoration projects.
Study site
The study was conducted in stream reaches in urban parks 
in Greensboro, North Carolina, USA. Greensboro 
encompasses 5180 km2 within the Piedmont region of 
North Carolina, with a population of 223 891 (US Census 
Bureau 2000). The sites included 3 restored streams 
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(Benbow [BB], Brown Bark [BK], and Spring Valley 
[SV]) and 3 unrestored streams (O’Henry [OH], Rolling 
Roads [RR], and Shannon Woods [SW]). Single-family 
homes surrounded the study sites. Urban runoff from 
stormwater drains entered all streams, regardless of 
restoration status. All sites were first-order streams in the 
North and South Buffalo Creek watersheds (Table 1). 
North and South Buffalo Creek each received a water 
quality rating of “poor” by the Division of Water Quality 
in 2003 based on the EPT (Ephemeroptera, Plecoptera, 
and Trichoptera) metric (NCDENR 2004). Additional site 
description and water quality information for these sites 
can be found in Lynam (2004).
The 3 restored streams were restored in 2004 as 
mitigation projects for highway construction. Prerestora-
tion, the streams had steep bank incisions, loss of 
sinuosity, and little to no riparian vegetation. Restoration 
included planting riparian vegetation, bank stabilization, 
and installation of 3 types of rock structures (riffles, cross 
vanes, and step pools; Fig. 1). The rock structures were 
designed to mimic natural streams and used repeatedly in 
the restored reach of each stream. Within each restored 
stream were three 180 m study sections, chosen based on 
a minimum 30 m reach influenced by a riffle, cross vane, 
or step pool structure series (Table 2). These reaches were 
selected as sites for injection of 15N-NH4Cl to study N 
uptake parameters. In first-order streams, nutrient uptake 
length is short compared to larger streams (Peterson et al. 
2001). The study was designed to compare uptake 
parameters between the restoration structure series and 
unrestored streams, but downstream of most of the 30 m 
reaches were various other restoration structures in the 
180 m study sections that probably also influenced N 
uptake (Fig. 2). Therefore, analysis of N uptake 
parameters was compared between restored and 
unrestored streams.
Study Site Stream Type Width (m) Depth (m)
Benbow Riffle Restored 2.64 ± 0.2 0.18 ± 0.02
Benbow Cross Vane Restored 2.23 ± 0.1 0.16 ± 0.01
Benbow Step Pool Restored 2.02 ± 0.2 0.16 ± 0.01
Brown Bark Riffle Restored 1.83 ± 0.4 0.10 ± 0.02
Brown Bark Cross Vane Restored 1.08 ± 0.1 0.08 ± 0.01
Brown Bark Step Pool Restored 1.22 ± 0.1 0.10 ± 0.01
Spring Valley Riffle Restored 3.30 ± 0.15 0.08 ± 0.02
Spring Valley Cross Vane Restored 2.93 ± 0.24 0.22 ± 0.03
Spring Valley Step Pool Restored 2.08 ± 0.10 0.20 ± 0.03
O'Henry Unrestored 2.37 ± 0.60 0.09 ± 0.01
Rolling Roads Unrestored 2.08 ± 0.15 0.10 ± 0.01
Shannon Woods Unrestored 2.37 ± 0.45 0.16 ± 0.02
Table 1. Mean (±1 SE) wetted channel width and depth for restored and unrestored study sites.
Stream Restoration Structure Total Length (m)
Benbow Riffle 85
Brown Bark Riffle 56
Spring Valley Riffle 54.5
Benbow Cross Vane 30
Brown Bark Cross Vane 40.4
Spring Valley Cross Vane 79
Benbow Step Pool 30
Brown Bark Step Pool 49
Spring Valley Step Pool 56
Table 2. Total length of each restoration structure in the restored streams.
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There were no restoration structures in unrestored 
streams. The unrestored streams were natural streams that 
had been degraded in an urban environment resulting in 
steep bank incisions, channel heterogeneity, and loss of 
sinuosity. The injection sites (0 m) in unrestored streams 
were chosen based on access to the stream. Portions of the 
selected 180 m reaches of the unrestored streams included 
in the study had protected riparian areas, which had been 
allowed to regrow naturally but had not been planted or 
reinforced. 
Methods
Site characterization
Site description measurements (streambed material, bank 
incision, riparian area, and canopy cover) for each study 
site were taken at 13 points along each study reach at 0, 
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 130, and 180 m. 
Streambed material was estimated at the 13 points in 1 m 
long transects across the wetted width of the channel by 
the same observer according to USGS channel material 
particle size guidelines. The riparian area was measured 
from the stream bank to 25 m on both sides of the stream. 
Canopy cover was measured from the center of the stream 
using a concave densitometer (LINX II Protocol 2004).
In-stream temperature was taken weekly on the same 
day within a fixed 2 h time frame over a 4 week period, 
within the riffle, cross vane, and step pool structure series, 
and at 3 locations within the study reach at the unrestored 
sites.
Biofilm sampling
All sampling took place during summer 2006, approxi-
mately 2 yr after the streams were restored. Epilithic 
biomass was sampled from 12 July to 1 August 2006 by 
scraping a known area from natural rock substrates within 
each site reach with a bristle brush (n = 9 replicates at each 
structure, and n = 3 structure types in separate streams) 
using a plastic photographic slide as a template (8.05 cm2 
opening). Epilithic biomass samples were placed in acid 
washed bottles, wrapped in aluminum foil, stored on ice, 
then returned to the laboratory and filtered immediately 
onto precombusted (550 °C) Whatman GF/F glass fiber 
filters under low light conditions. Filters were immediately 
placed in 10 mL of 95% ethanol, rewrapped in aluminum 
foil, and placed in the freezer until analyzed. The hot 
ethanol extraction technique was used to remove 
chlorophyll a (Chl-a) from the filters (Sartory and 
Grobbelaar 1984 as cited in the LINX II Protocol 2004). 
The Chl-a concentration was analyzed using a spectropho-
tometer, measured as the difference between absorbance at 
665 and 750 nm, pre- and post- 1N HCl acid addition 
(Genesys ™ 10 Series Thermo Spectronic, Rochester, NY).
Measurement of ammonium uptake parameters
Uptake metrics were evaluated for each of the 180 m 
reaches based on 4 h tracer additions of 15N-NH4Cl 
conducted between 12 July and 1 August 2006. Uptake 
metrics measured included uptake length (Sw), the mean 
distance a molecule moves downstream before being 
removed from the water column; uptake velocity (vf), the 
Fig. 1. Photographs of restoration structures at restored stream 
Spring Valley: (A) riffle, (B) cross vane, and (C) step pool
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vertical removal of the nutrient from the water column to 
the uptake site; and areal uptake (U), the amount of the 
nutrient removed per unit area per unit time (Webster and 
Valett 2006).
Samples for initial NH4+ concentrations (n = 6 per site) 
were collected on 7 July 2006. Samples were filtered in 
the field through precombused Whatman GF/F filters into 
acid washed bottles, transported on ice, and frozen until 
analyzed. Concentrations of NH4+ were determined 
manually using the phenol hypochlorite method (Parsons 
et al. 1984).
Four-hour pulse releases of 15N-NH4Cl were conducted 
in each of the twelve 180 m stream reaches. Although 
nitrate concentration in downstream sections of the Cape 
Fear River Basin is a major water quality concern in North 
Carolina, we chose to focus on ammonium uptake kinetics 
as a metric of water quality restoration. Ammonium con-
centration is about 10% that of nitrate at baseflow in North 
Buffalo Creek (Lynam 2004, Ulseth and Hershey 2005) but 
increases to 25% of nitrate concentration during the 
ascending limb of the hydrograph (Ulseth and Hershey 
2005). However, ammonium is readily nitrified to nitrate, 
and nitrification is a major contributor to downstream 
export of nitrate in streams (Mulholland et al. 2000). We 
chose to study ammonium rather than nitrate uptake 
dynamics because doing so was more cost effective due to 
the lower concentration and more rapid removal to the 
streambed compared to nitrate (Peterson et al. 2001). For 
each experiment, 99% 15N-NH4Cl was mixed on site in acid 
washed containers of distilled water to achieve a target of 
100‰ 15N enrichment above stream water based on prior 
measurement of NH4+ concentration, and assuming that the 
preenrichment streamwater 15N-NH4+ was not enriched 
above atmospheric 15N abundance (Hershey et al. 2006); 
streamwater δ15N-NH4+ was not measured. The goal, 
however, was to achieve a strong 15N signal above 
background in the biofilm, which had low variability and 
relatively low background δ15N (7.42‰ ± 0.82) across sites. 
Therefore, variation from the 100‰ target 15N enrichment 
was not important as long as a strong signal in the biofilm 
was achieved. The δ15N-NH4+ enrichment should have had a 
negligible effect on total NH4+ concentration (Mulholland et 
al. 2000), although NH4+ concentrations during the 
injections were not measured.
Fig. 2. Map of Benbow, an example restored stream sampled in this study illustrating restoration structures and other conspicuous anthropo-
genic and geomorphic features. Solid lines intersecting the stream indicate 50 m increments along the entire study reach for scale. Lines 
crossing the stream designated by fine dots, dashes, and coarse dots represent sites for 15N-NH4Cl injection (0 m) and epilithon δ15N (10, 20, 30, 
80, 130, and 180 m) associated with step pool, cross vane and riffle structure series, respectively. 
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All experiments were conducted at base flow. 
Discharge used in the calculations was estimated from 
velocity and depth measurements taken at several points 
across the stream (Gore 2006) within 3 d of the isotope 
releases. Discharge was measured at 10, 20, and 30 m 
from the anticipated injection sites in restored reaches, 
and at 10, 80, and 180 m for unrestored sites. Because 
in-stream geomorphic structures can influence 
measurement of  discharge, measurements were taken 
within the structure of interest where we anticipated most 
of the 15N-NH4+ would be removed. Because unrestored 
sites were straight with no discernable in-stream rock 
structures, and we anticipated longer spiraling distances of 
15N-NH4+, discharge was measured along the length of the 
study site. The 15N-NH4Cl solution was continuously 
pumped into the stream using a Master Flex pump (Niles, 
IL) operated by a car battery. To allow mixing, the 
injection site for each reach was 10 m upstream of the first 
downstream sampling site, which was 1.5 m downstream 
of the beginning of each structure series. In addition, 
artificial mixing was induced at the injection site using a 
small battery-operated trolling motor.
Pre- and post-15N addition biofilm samples were 
collected immediately before and after each injection 
within the structure series of interest (riffle, cross vane, 
and step pool) in each of the restored and unrestored 
streams by scrubbing epilithic biomass from natural rock 
substrates at 10, 20, 30, 80, 130, and 180 m from the 
injection site. In restored streams where study sites 
overlapped, the 15N injection was first conducted on the 
restoration structure farthest downstream. The next 
upstream section of the same restored stream was not 
injected with 15N for 4–9 d, which allowed much of the 
15N assimilated from the past injection in overlapping 
areas to dissipate. Any residual 15N from past injections 
was adjusted for using δ15N values from preinjection 
biofilm samples for background correction. To avoid 
possible contamination between more enriched upstream 
and less enriched downstream sites, post injection samples 
were collected beginning at 180 m and working upstream. 
All samples were placed on ice immediately and filtered 
in the lab within 4 h. The filters were dried at 60 °C for 
48 h, placed in a desiccator for 24 h, and then sent to the 
University of California-Davis Stable Isotope Lab for 
analysis of δ15N using an elemental analyzer coupled to a 
PDZ Europa 20-20 isotope ratio mass spectrometer.
The δ15N value is expressed as [(Rsample/Rstandard)–1] × 103, 
where R is the ratio of 15N/14N and the standard is 
atmospheric nitrogen, N2, reported in ‰ (Peterson and Fry 
1987). Uptake parameters for NH4+ were based on uptake 
to the biofilm (δ15Nbiofilm) because biofilm is recognized as 
one of the primary biotic compartments for removing 
NH4+ from the water column in low-order streams 
(Newbold et al. 1981); it has previously been used in 
15N tracer studies (Wollheim et al. 2005); and it is readily 
measured. The post δ15Nbiofilm values were background-cor-
rected for natural abundance of δ15Nbiofilm by subtracting 
pre-δ15Nbiofilm values for each respective site. The natural 
log (LN) of the background-corrected δ15Nbiofilm values 
were plotted versus distance downstream (10, 20, 30, 80, 
130, 180 m) to calculate the slope, k. Values for Sw, vf, and 
U were calculated according to Webster and Valett (2006); 
15N uptake per unit Chl-a was determined by U per unit 
biomass, measured as Chl-a (Hamilton et al. 2001).
Macroinvertebrate sampling
Macroinvertebrates were collected during August from 
each site within the 30 m structure series of interest in 
restored streams and within the first 30 m reaches in 
unrestored sites using kick net, sweep net, leaf pack 
collections, and rock scrapings according to techniques of 
Eaton and Lenat (1991). In sections where rock scrapings 
were not available, a stovepipe corer (20 cm inside 
diameter) was placed in the streambed sediment (sand–
silt) to a depth of ~10 cm; sediment inside the corer was 
agitated to dislodge macroinvertebrates for collection 
(Wallace et al. 1996). Two people sampled each study site 
for a timed period of 1.5 h. All samples were sorted in the 
field and placed in 95% ethanol. Sorted samples were 
identified to the lowest possible taxonomic level.
Macroinvertebrate data were compared between 
restored and unrestored sites and among restoration 
structure types using the NCBI (Lenat 1988, 1993). Mac-
roinvertebrate taxa (genus or species) were assigned 
scores based on pollution tolerance ranging from 0 to 10, 
with 0 being the most intolerant species (Lenat 1993). The 
number of individuals per taxa collected was incorporated 
into the NCBI. The final NCBI value was compared to the 
specific region value, and a water quality class was 
assigned (Lenat 1993). The water quality classes are 
Excellent, Good, Good-Fair, Fair, and Poor (NCDENR 
2003). 
Statistical analysis
For each week, one-way ANOVAs were used to determine 
differences in discharge between unrestored and restored 
sites. Discharge rate measurements were taken weekly 
during the study period, on the same day within the same 
2 h period. Because discharge rates fluctuate, and week 
would be a significant factor in the model, analyses were 
completed between unrestored and restored sites 
separately for each week. For all statistical tests, P-values 
(P) < 0.05 were considered statistically significant. 
Comparisons with 0.05 > P > 0.09 were considered trends 
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that were suggestive of significant effects (Ramsey and 
Schafer 2002).
Two-sample t-tests were used to evaluate significant 
differences in streambed material in restored and 
unrestored sites. A repeated measure ANOVA was used to 
evaluate differences concerning in-stream temperature for 
restored and unrestored sites.
Wilcoxon Rank Sum test was used to evaluate 
significant differences between Chl-a in unrestored and 
restored streams due to lack of homogeneity of variances 
(Hollander and Wolfe 1973). For this analysis, all Chl-a 
samples from each stream were averaged to obtain a 
single value per stream (n = 3 unrestored; n = 3 restored). 
A Kruskal-Wallis Rank Sum multiple comparison test was 
used to determine significant differences between Chl-a in 
unrestored, riffle, cross vane, and step pool structures. For 
this analyses, Chl-a values for a structure type were also 
averaged for each stream such that each of the 3 streams 
had one observation of each of the 3 structure types (n = 3 
average values each for riffles, cross vanes, and step 
pools) and one value from each of the 3 unrestored 
streams.
Two-sample t-tests were used to evaluate significant 
differences in response of streambed material, uptake 
metrics (uptake length, velocity, areal uptake, and areal 
uptake per Chl-a), and NCBI score between unrestored 
and restored sites. Uptake length, velocity, and areal 
uptake data were LN transformed to pass Levene’s 
equality of variances test. Due to interference from a 
neighborhood pet in the stream during the 15N-NH4Cl 
pulse, BB riffle was excluded from the analysis for 
comparison of uptake metrics. 
Results
Site characterization
Restored sites had a significantly higher percentage of 
large (boulder, cobble, and gravel) substrates than 
unrestored sites (P = 0.029; Table 3). The mean bank 
incision at unrestored sites was higher, 1.5–2.0 m, 
compared to 0.8–1.2 m in restored sites. More than half of 
the riparian area in unrestored sites was mowed grass. 
Despite this, SW had the greatest canopy cover, 89%, 
directly over the stream compared to the other sites 
(Table 3).
Based on weekly measurements, mean in-stream tem-
peratures at restored sites were 1.8 °C greater than at 
unrestored sites (P = 0.000). Weekly mean (±1 SE) rainfall 
for North and South Buffalo creeks during the study 
period was 0.9 ± 0.3 cm. The weekly mean (±1 SE) low 
and high air temperatures for Greensboro were 21 ± 0.7 °C 
and 31 ± 1.1 °C, respectively. 
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versus 70 ± 28 m, respectively (P = 0.021; Table 5), based 
on a linear fit to the LN transformed δ15N of biofilm 
(Fig. 4). Uptake length does not take into account 
discharge differences between streams; however, over the 
study period, there were no statistical differences in 
discharge between unrestored and restored sites (Fig. 5).
Estimated mean uptake velocity for restored sites was 
1.1 ± 0.2 m h−1 compared to 0.4 ± 0.3 m h−1 in unrestored 
Biofilm
The restored sites had 4.6 times more Chl-a on rock 
substrates compared to unrestored sites (P = 0.05). Rocks 
in cross vanes in restored streams supported about 8 times 
more Chl-a than rocks in unrestored sites (P < 0.05). 
Mean Chl-a values for step pools appeared to be 5 times 
greater than the mean for unrestored sites, but the 
difference was not significant. Chl-a on riffle rocks was 
more similar to that on rocks in unrestored sites. There 
were no significant differences among structure types 
(Fig. 3).
Ammonium uptake
Initial NH4+-N concentrations ranged from 64 to 112 µg 
NH4+-N L−1 in unrestored streams and from 78 to 217 µg 
NH4+-N L−1 in restored streams (Table 4). Benbow, a 
restored stream, had the highest NH4+-N concentration, 
driven by an isolated sample with an extremely high con-
centration of 672 ± 34 µg NH4+-N L−1. The initial NH4+-N 
concentration at Benbow decreased to 126 ± 28 µg 
NH4+-NL−1 when this sample was removed from the 
analysis. Unrestored sites had a mean uptake length (Sw) 
about 3 times longer than that of restored sites, 197 ± 118 m 
Fig. 3. Mean chlorophyll a (Chl-a; ±1 SE) in the biofilm on rock 
substrates for unrestored sites, riffles, cross vanes, and step pools 
(n = 3 for each site type). Matching letters above bars indicate means 
that were not significantly different at P = 0.05 (Kruskal-Wallis 
Rank Sum test).
Site Initial NH4+-N Concentration (µg NH4+-N L−1) Stream Type
Benbow 217.2 ± 19.7 *(126.2 ± 27.9) Restored
Brown Bark 81.7 ± 2.5 Restored
Spring Valley 78.2 ± 3.4 Restored
O’Henry 63.7 ± 3.1 Unrestored
Rolling Roads 112.2 ± 1.2 Unrestored
Shannon Woods 87.9 ± 0.05 Unrestored
Table 4. Mean (±1 SE) NH4+-N concentration of 2 determinations for each sample location within a site (total of 6 per site) were averaged for 
all 6 sample locations to calculate the initial NH4+-N concentration per stream. * One sample at Benbow had an extremely high NH4+-N  con-
centration. The number in parenthesis is the average of 2 determinations for each sample (total of 5 for Benbow), excluding the sample with the 
extremely high NH4+-N  concentration.
Site
Uptake Metric Restored Unrestored P
Sw (m)     70 ± 10 197 ± 68 0.021
Vf (m hr−1) 1.1 ± 0.2     0.4 ± 0.3 0.069
U (mg m−2 min−1)  25.1 ± 8.2     3.5 ± 2.1 0.055
U Chl-a−1 (mg m−2 min−1 Chl-a−1)    6.1 ± 3.8     2.5 ± 1.4 NS
Table 5.  Mean (±1 SE) uptake uptake length (Sw), uptake velocity (vf), areal uptake (U), and areal uptake per unit Chl-a (U Chl-a−1) for 180 m 
reaches in restored and unrestored sites. The P-value (P) for the difference between restored and unrestored sites is given. NS indicates no 
significant difference.
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sites (Table 5). The pattern suggested a trend toward 
greater uptake velocity in restored sites but was not statis-
tically significant (P = 0.069; Table 5).
Restored sites had a U of 25.1 ± 8.2, compared to 
3.5 ± 2.1 mg m−2 min−1 in unrestored sites. These estimates 
were not significantly different (P = 0.055; Table 5), 
although the pattern suggested a trend toward greater areal 
uptake in restored sites. There was also no significant 
difference for areal uptake per unit Chl-a between 
unrestored and restored sites (P = 0.596; Table 5).
Macroinvertebrates
There was no significant difference in NCBI values 
between unrestored and restored sites (P = 0.545). The 
average NCBI value for unrestored sites ranged from 7.02 
to 8.17, which indicates Fair to Poor water quality. The 
average NCBI value for restored sites was 7.21 ± 0.2, cor-
Fig. 5. Weekly mean discharge rate (Q) (m3 sec−1 ±1 SE) for 
unrestored (n = 9) and restored (n = 27) sites. A one-way ANOVA, 
analyzed separately for each week, indicated discharge did not differ 
significantly between unrestored and restored sites (P = 0.157).
Fig. 4. Natural log (LN) of δ15N of biofilm (background corrected) for riffles, cross vanes, step pools, and unrestored sites. Due to disturbance 
during the 15N-NH4Cl pulse, Brown Bark riffle was excluded from analysis. The equation of the linear fit trend line, from which slope (k) was 
derived for calculations of uptake metrics, is written directly above or below its associated line. 
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responding to a quality rating of Fair. Riffles were the 
only structure that did not receive a water quality rating of 
Poor at any site, and one of the riffles had a rating of 
Good-Fair. Among unrestored sites and in cross vanes and 
step pools, at least one replicate received a water quality 
rating of Poor, and none of the ratings were above Fair 
(Table 6). A list of taxa collected is provided in 
Appendix A (visit the Inland Waters website to view this 
file - www.fba.org.uk/journals/index.php/IW). 
Discussion
All urban streams in this study had high NH4+-N concen-
trations, which is typical of urban streams (Brett et al. 
2005, Groffman et al. 2005, Meyer et al. 2005). One of the 
restored streams, Benbow, had the highest initial NH4+-N 
concentration due to an isolated sample. When the highest 
NH4+-N was removed from the average, the initial NH4+-N 
concentration at Benbow decreased and was comparable 
to the unrestored and other restored streams in this study. 
All sites were upstream from the Greensboro waste water 
treatment plants, so treated waste water cannot be 
implicated. However, stormwater pipes drained directly 
into streams from surrounding single-family homes at all 
sites. Thus, lawn fertilizer and pet waste were likely con-
tributing factors, although leakage from sanitary sewer 
lines could also have contributed to high NH4+-N concen-
trations. All single-family homes surrounding the study 
sites were connected to sanitary sewer lines. Regardless of 
restoration status, water quality, as evaluated by high 
NH4+-N concentration, was poor at all study sites.
Uptake length of 15N-NH4+ in unrestored sites was 
~2.5–3 times longer than in restored streams, probably 
due to less hard substrate for biofilm and greater canopy 
cover. Uptake length is influenced by algal biomass and 
percent surface area covered by algae (Sabater et al. 
2000), stream discharge (Hall et al. 2002), and NH4+-N 
concentration (Webster et al. 2003), as well as light. In 
this study, stream discharge and NH4+-N concentrations 
were similar among study sites and therefore were 
unlikely to have influenced differences in uptake length. 
Restored streams had a significantly higher percentage of 
large substrates (boulder, cobble, and gravel) compared to 
unrestored streams. The restored streams had higher 
benthic Chl-a on rocks compared to unrestored streams, 
probably resulting from less canopy cover in the restored 
sites (Quinn et al. 1997, Bis et al. 2000). Therefore, it is 
likely that the greater percentage of hard substrates and 
more biofilm accumulation per unit area in restored sites 
led to shorter uptake lengths.
The restoration structures provided hard substrate for 
biofilm growth and resulted in significantly shorter 
ammonium uptake length and nonsignificant trends 
toward faster uptake velocity (P < 0.07) and greater areal 
uptake (P < 0.06) compared to unrestored sites. Thus, 
restoration did seem to be beneficial in ammonium 
removal. Shorter spiraling lengths of ammonium are 
associated with retention and control of nutrient export 
(Alexander et al. 2000, Peterson et al. 2001). Furthermore, 
denitrification is high, representing approximately  45% of 
N loading in North Buffalo Creek downstream of the OH 
and BK sites (Lofton et al. 2007). Thus, increased 
ammonium uptake is very likely to reduce long-term N 
export. The results from this study revealed that the closed 
canopy increased shading at unrestored sites, which likely 
affected biofilm abundance and reduced ammonium 
uptake. Ammonium removal seemed to be enhanced by 
adding large substrates to restored streams, accompanied 
by sufficient light penetration. Thus, where high nutrient 
concentrations are of particular concern, water quality 
managers may want to consider riparian management 
strategies that permit sufficient light penetration for accu-
mulation of algal biomass, especially adjacent to habitats 
that provide hard substrate for algal growth, while also 
preserving the benefits of vegetated riparian zones. 
Wilcock et al. (2004) suggested that water resource 
managers may want to alternate shaded and unshaded 
Site NCBI Rating
O’Henry 7.31 Fair
Rolling Roads 8.17 Poor
Shannon Woods 7.02 Fair
BB Riffle 7.11 Fair
BK Riffle 5.84 Good-Fair
SV Riffle 6.75 Fair
BB Cross Vane 8.23 Poor
BK Cross Vane 6.94 Fair
SV Cross Vane 7.40 Fair
BB Step Pool 7.86 Poor
BK Step Pool 7.79 Poor
SV Step Pool 6.95 Fair
Unrestored 7.50 ± .4 Poor/Fair
Restored 7.21 ± .2 Fair
Table 6. North Carolina Biotic Index values (NCBI) and associated 
water quality rating for each unrestored and restored site. Unrestored 
sites are O’Henry, Rolling Roads, and Shannon Woods. Restored 
sites are Benbow (BB), Brown Bark (BK), and Spring Valley (SV). 
The mean NCBI (±1 SE) and water quality rating are listed at the 
bottom of the table for unrestored and restored sites. There were no 
significant differences between unrestored and restored sites 
(P = 0.545).
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regions of streams when study results suggest higher 
NH4+-N retention in association with unshaded study sites 
with higher plant biomass. Further research is needed to 
determine the benefits of algal accumulation in restored 
urban streams for nutrient removal and at what threshold 
algal accumulation becomes a problem in regard to the 
negative impacts of algal blooms. Removing nutrients 
from the water column is important in urban headwater 
streams due to high nutrient loading from urban land use 
(Brett et al. 2005, Groffman et al. 2005, Meyer et al. 
2005). Restored streams removed ammonium from the 
water column over shorter distances than unrestored 
streams. In urban areas, where mitigation of nutrient 
loading may not be a viable political or economic option, 
ammonium removal is an important step to reduce nutrient 
export (Warren et al. 2007), which is needed to minimize 
the negative impacts of eutrophication in downstream 
reaches (Wollheim et al. 2005). Thus, the restoration 
structures in restored streams, which provided more 
substrate for algal growth and had a more open canopy, 
seemed to enhance removal of ammonium from the water 
column.
There was little improvement in macroinvertebrate-
based water quality classifications at restored sites. 
Restoration structures did not result in clear improvement 
of the macroinvertebrate community or water quality 
ratings according to the NCBI values.  However, riffles 
did receive slightly better ratings compared to other sites.
A stabilized stream, improved water quality, and a 
healthy environment for aquatic life were some of the 
goals of the Greensboro urban stream restoration project 
(Greensboro Water Resources 2006). The restored streams 
did seem to be more stable; there was evidence of less 
bank erosion, determined by mean bank incision measure-
ments, at restored compared to unrestored streams. The 
restored streams did remove more ammonium over a 
shorter distance compared to unrestored streams, which 
could improve water quality for downstream reaches, 
especially with respect to inorganic N export, which is of 
particular concern in North Carolina. Within the City of 
Greensboro (upstream of wastewater treatment plant 
effluents), denitrification is relatively high compared to 
loading (Lofton et al. 2007), such that processes that 
enhance N retention increase the probability for N to be 
denitrified and therefore permanently removed from the 
system. We did not study phosphorus (P) removal, but 
note that even if restoration structures resulted in greater P 
uptake, any P removed by the streambed would ultimately 
be returned to the water column through the spiraling 
process (Mulholland et al. 1985). Evidence of a healthy 
environment for aquatic life based on the NCBI macroin-
vertebrate criterion was not seen in this study. Stream 
ecologists have consistently advocated restoration of a 
natural hydrograph as important to restoration of 
ecological function in urban streams (Walsh et al. 2005). 
We agree with that assessment but recognize that there 
may be significant barriers to such undertakings in many 
urban areas. Investigating uptake parameters for additional 
nutrients in urban restored streams would be beneficial, 
but given limited resources, we believe a focus on 
ammonium using 15N-NH4Cl provides the most cost-effec-
tive approach for assessment of N removal. Additional 
studies investigating nutrient retention of phosphorus and 
nitrate and investigating denitrification of restored streams 
with longer reaches of various restoration structures also 
would be valuable for further evaluation of effectiveness 
of various structures for nutrient removal, but these 
methods are either more costly (15N-nitrate uptake) or less 
informative in terms of water quality needs of the 
particular system (P retention). Finally, this study was 
completed 2 years postrestoration. Continued, longer-term 
monitoring of restored streams is needed for full 
evaluation of the effects of restoration.
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